Abstract: The influence of imperfect boundaries on the mode quality factor is investigated for equilateral-triangle-resonator (ETR) semiconductor microlasers by the finite difference time domain technique and the Padé approximation with Baker's algorithm. For 2-D ETR with a refractive index of 3.2 and side length of 5 mm, the confined modes can still have a quality factor of about 1000 as small triangles with side length of 1 mm are cut from the vertices of the ETR. For a deformed 5 mm ETR with round vertices and curve sides, the simulated mode quality factors are comparable to the measured results.
Introduction
Recently, we have numerically shown that semiconductor microlasers with an equilateral triangle resonator (ETR) are suitable to realise single-mode operation and directional emission [1, 2] . Under the ray-optics approximation, mode light rays impinge on the sidewalls with incident angles around 30 in the ETR and experience total internal reflection. The number of confined transverse modes is limited by the condition of total internal reflection because the higher-order transverse mode has a smaller incident angle. The directional emission can be obtained by connecting an output waveguide in one of the vertices of the ETR, which still has confined modes with a high quality factor (Q-factor). The mode characteristics for an ETR with imperfect boundaries are important for realising an ETR microlaser, especially the reduction of the mode quality factor due to the scattering loss in the rough sidewalls. We have numerically simulated the mode characteristics for the ETR with rough sidewalls of Gaussian correlation fluctuation and sinusoidal fluctuation at the side length of 2 $ 3 mm; and found that the modes can still have a high quality factor as the magnitude of the fluctuation is less than 0:1 mm [3] . Very recently we fabricated semiconductorequilateral-triangle-microcavity structures by the two-step ICP etching process and measured the photoluminescence spectra of the ETRs. The distinct peaks are observed in the photoluminescence spectra corresponding to different longitudinal modes [4] . However, the mode quality factors are only about 44, 67 and 142 for the ETRs with side length a ¼ 5; 10 and 20 mm; respectively. In this article, we analyse the mode characteristics for imperfect two-dimensional (2-D) ETRs by FDTD simulation, and compare the calculated mode quality factors with the experimental results and try to find the cause of the low quality factor.
FDTD technique
Under the effective index method, we investigate the mode characteristics for 2-D ETRs in the x -y plane. Because the devices are fabricated from the wafer with tensile strain quantum wells, we only consider TM modes in this article. For TM modes, the nonzero field components are E z ; H x and H y ; and the corresponding Maxwell equations are
The Maxwell equations can be solved by the FDTD technique with initial exciting pulses in the ETR. The exciting pulses are chosen to be a 450Dt Gaussian pulse modulating a carrier of 200 THz where the pulse width covers the frequency range of interest, and the time step Dt of the FDTD is taken to be the Courant limit. A ten-cell perfectly matched layer (PML) with s max ¼ s opt and m ¼ 4 [5] is used in the FDTD simulation. The time responses of one field component at a selected point is collected as the FDTD output, and then the field spectrum is calculated from the output. The field spectrum can be obtained by performing a discrete Fourier transform on the output, and then the mode frequencies and the quality factors can be calculated from the local maximum and the corresponding width of the spectrum. However, such a process requires a long FDTD output and is very time consuming. To save the computing time, we calculate the field spectrum from the FDTD output by the Padé approximation with Baker's algorithm [6, 7] . The grid cell size will greatly influence the computing efficiency and the accuracy of the FDTD simulation. To choose the grid cell size, we consider an ETR with side length a ¼ 3 mm as a numerical example. The calculated mode frequency and quality factor for TM 0;24 symmetric mode, which has mode wavelength around 1550 nm, are plotted as the solid and open circles in Fig. 1 . The mode frequency and quality factor approach constant values as the grid size decreases, and the differences of the mode frequencies and quality factors are only 0:36% and 1:1% between the grid size of 20 and 10 nm. We also model an ETR with side length a ¼ 5 mm under the same excitation pulse, i.e. the excitation pulse is not varied with the grid size. The mode frequency and quality factor for TM 0;36 asymmetric mode are plotted as the solid and open squares in Fig. 1 , which have differences of 0:27% and 0:53% between the grid size of 20 and 10 nm. Based on the above numerical examples, we choose square cells with grid size 20 nm to save computing time in this article, which is about 1=24 of the optical wavelength within the ETR.
Mode quality factor for the ETR with imperfect vertices
The ETR vertices are very difficult to keep in mask form during the pattern transform and etching process, especially for deep etching. In this Section, we consider an ETR with three small triangles cut from the vertices as shown in the insert of Fig. 2 . The variation of the mode frequency and the Q-factor against the open width d, i.e. the side length of the small triangles cut from the vertices of the ETR, are plotted in Fig. 2 for TM 0;36 in the imperfect ETR with side length of 5 mm: The mode frequency of TM 0;36 is 192 THz in the perfect 5 mm ETR. Unfolding the mode light rays inside the ETR, we can find that the ETR is equivalent to a deformed Fabry -Perot cavity with one-period length of 3a and width of ffiffi ffi 3 p =2a: For the ETR with cut vertices, the deformed Fabry -Perot cavity has the same period length of 3a and the width of ffiffi ffi 3 p =2ða À 2dÞ: According the variation of the cavity width with d, we plot mode frequency against the open width as the dashed line in Fig. 2 from the mode wavelength formula [2] . In Fig. 2 , the mode has a large Q-factor as the simulated mode frequency approaches the dashed line, and the lowest Q-factor is 770 at d ¼ 1 mm when the mode wavelength has a larger difference from the formula. We also analyse the mode characteristics for the ETR with round vertices and get a Q-factor with the same magnitude. In a perfect ETR, the mode field intensity distribution is rather uniform and different from that of microdisk lasers. However, the intensity distribution approaches the field pattern of a ring cavity as the open width increases.
Modes in deformed ETR
The scanning electron microscope (SEM) top-view picture of a fabricated ETR with a ¼ 5 mm is shown in Fig. 3a . The etched pillar is nearly vertical and the etching depth is about 6 mm: However, the vertices of the ETRs are round and the sidewalls are curves instead of straight lines, which are mainly distorted in the chemical photolithograph process to form a thick photoresist. Based on Fig. 3a , we use a deformed ETR with a ¼ 5 mm as shown in Fig. 3b for calculating the mode quality factor. The intensity spectra obtained by the FDTD technique and the Padé approximation using the FDTD outputs at points A and B are plotted in Fig. 4 as the solid and the dashed lines, respectively. The split of degenerative modes and the existence of different transverse modes make it difficult to get the mode quality factor exactly. For some narrow peaks, the mode quality factors, obtained by fitting the resonant peaks with Lorentzian functions, are between 100 and 200.
To get more accurate results, we suppress the spectrum width of the exciting pulse to excite only one mode and then get the mode quality factor from the one-peak intensity spectrum. The dotted line in Fig. 4 shows the intensity spectrum obtained at a point under a narrow exciting pulse with centre frequency of 183.64 THz and width of 0.25 THz. The quality factors obtained under pulses with a very narrow spectrum are plotted as open circles in Fig. 5 for the fundamental modes, which can be roughly distinguished from the first-order transverse modes based on the simulated mode field distributions. The measured mode quality factors are plotted as solid circles in Fig. 5 , which are calculated from the inserted photoluminescence (PL) spectrum. Because a constant refractive index is used in the FDTD simulation, numerical mode intervals are larger than experimental ones. Accounting for the photon energy dependence of the refractive index, the calculated mode intervals can agree very well with the experimental results [4] . However, the calculated quality factors are three to four times greater than the measured ones. It should be noted that the material absorption loss is not included in the FDTD simulation. The measured results show that the mode quality factor increases from 86 to 106 as the pumping intensity increases for the mode with wavelength 1505 nm in a 20 mm ETR, and the quality factor is 142 for the mode with wavelength 1580 nm [4] . Accounting for the influence of corresponding material loss, we expect that the simulated mode quality factor decreases from 150 to 100, which is only two times the measured value for the mode at wavelength 1519 nm.
Conclusions
Based on FDTD simulation, we find that the ETR with imperfect vertices can still have confined modes with a high quality factor. So, keeping perfect vertices is not a necessary condition for fabricating ETR microlasers. For a deformed ETR with round vertices and curved sides, the measured mode quality factors are comparable to the simulated results. (Fig. 3b) The dotted line is the intensity spectrum obtained from FDTD outputs at A point under the exciting pulse with very narrow spectrum 
